We examine the consequences of the eruption of the E1 Chichon volcano on the Earth's stratospheric chemistry. Formed after the eruption, the volcanic aerosol cloud, with a peak particle density at 27 kin, was very efficient at altering the radiation field. The results of a one-dimensional radiative transfer model show that the total radiation increased by 8% within the aerosol layer longward of 3000-•. At certain altitudes and wavelengths below 3000.•, the total radiation decreased by 15%. Consequently, there are changes in the photolysis rates obtained with a onedimensional photochemical model: for example, 02 photodissociation rate constants decrease by 10%, while Os photodissociation rate constants increase by a comparable amount. A combination of this radiation change and the effect of a temperature variation of a few degrees causes the abundance of Os to decrease by 7% at 24 km, in good agreement with the Solar Backscattered 18,429
INTRODUCTION
Interest in developing comprehensive stratospheric photochemical models emerged when it was realized that anthropogenically produced halocarbons had an adverse impact on the ozone layer [Molina and Rowland, 1974; Rowland and Molina, 1975; Cicerone et al., 1983; Prather et al., 1984] .
The long-term effects of man-made pollutants can only be predicted accurately with models that are a complete description of important atmospheric processes. Stratospheric photochemical modeling has undergone many stages of refinement; a critical evaluation of remaining problems was made by Watson et al. [1985] . Nevertheless, the models still One of the best ways of testing the completeness of our photochemical model in representing the atmosphere is by studying its response to a known change. The time scale for the response has to be short enough that we may observe the changes in the atmosphere. 0148-0227/89/89JD-01149505.00 evaluate whether or not our models respond well to halocarbon, CO2 or CH4 injections, because the atmosphere takes many years to show a measurable effect. Some examples of useful changes that can be studied are the diurnal and seasonal variations seen in concentration profiles, and the consequences of solar eclipses, and volcanic eruptions.
When the stratospheric aerosol concentration increases suddenly, because of an explosive volcanic eruption, we expect the atmosphere to respond. There are measured variations in temperature, radiation field, general weather patterns, planetary albedo, and chemical species concentrations. Based on the current understanding of the scattering and chemical properties of volcanic aerosols, we can use models to investigate the impact of the presence of the aerosols, and calculate, for example, changes in the radiation field and species concentrations. If the predictions of the model are in good agreement with the observations of changes after the eruption, we can conclude that the theoretical model is a complete description of stratospheric processes.
In this work, we investigate the impact on the stratosphere of the March-April 1982 eruptions of the E1 Chichon volcano (17.33øN, 93.2øW)[e.g., . There was an injection of more than 10 •2 g of SO2 into the stratosphere at 30 km [Krueger, 1983] . The SO2 was oxidized to SOs, which subsequently reacted with water to form H2SO4.
After condensation, sulfuric acid aerosols (composed of 75% H2804, and 25% H20) were formed [Hofmann and Rosen, 1984] . After 3 weeks, the volcanic cloud had circled the globe between 0 and 30øN. The altitude of the peak aerosol concentration had dropped to 27 km after 8 weeks [Barth et al., 1983 ].
The aerosols change the radiation field in the stratosphere and therefore have a direct effect on photolysis rates, and on concentrations of species. One purpose of this study is first to investigate and quantify the effect of the E1 Chichon volcanic aerosols on the chemistry of the stratosphere through the radiation changes. To study the radiation field, we first use a one-dimensional radiative-transfer model (D. V. Michelangeli et al., manuscript in preparation, 1989) to calculate the total actinic flux (attenuated solar beam and scattered flux) within the stratosphere. This is done for a standard "clear" model atmosphere, and for an "aerosolcontaining" one based on the observational data of the E1 Chichon stratospheric aerosols. With a one-dimensional chemical kinetics model [Froidevaux et al., 1985 ] that uses the diffuse actinic flux values from the radiative transfer model, the changes in photochemical rates and concentrations resulting from the inclusion of aerosols are studied.
A temperature perturbation based on calculated changes is also added to the aerosol-containing case.
We focus our discussion on observed changes in the concentrations of O3, HC1, NO, NOs, HNO3, and OH after the eruption of the volcano. Only for these species are measurements available from the same instrument near 20øN latitude before, and 3-6 months after, the eruption of E1 Chichon. Therefore, even though there were many observations after April 1982, we focus on data summarized in Table I Two types of results, of very different nature, are reported here. The first part is the rigorous and compelling consequences of the impact of well-established radiative and thermal perturbations on stratospheric species. The results are important for explaining the observed Os changes and seem to agree qualitatively with the observation of other species, but these results fail to quantitatively account for all the observed changes in species abundances. Nevertheless, we believe that a complete discussion of these results is important for their own sake, for the insights they provide to current models of stratospheric chemistry, and for planning future stratospheric observations after a volcanic eruption. The second part of the paper concerns heterogeneous reactions. Here, we face a problem which is opposite that of the first part of the paper, in that we are trying to constrain the nature of the mechanism of the perturbation by fitting the observations. We find a heterogeneous reaction that can reasonably simulate the observations, but we cannot rigorously prove that it is unique. To demonstrate that this solution is more plausible than the other solutions, we explore a number of other heterogeneous reactions which have been postulated to be important in the Antarctic stratosphere, as well as the hypothesis of direct injection of Cls, HC1, and HsO into the stratosphere. A detailed discussion of these resuits is given. The most important use of these results is the constraints we can place on the possible global importance of heterogeneous chemistry in the lower stratosphere. the temperature change has a significant effect. There are substantial differences in the percent changes for the species whose concentrations are primarily determined by nonphotolytic processes. Two additional, speculative scenarios are also modeled. In one, we simulate the injections of C12, HC1, or H20. In this case, the calculations were run for an elapsed time of specifically 3 months, since in a steady state calculation, material introduced in a one-time injection %vashes out." In the other speculative scenario, effects of potential heterogeneous chemistry on aerosols are modeled. Because of the uncertainty in the actual physics of each of these cases, calculations with a diurnally averaged radiation field were felt to be adequate, except for our "best" case, which was run in a full diurnal mode. Also, these calculations were carried out for only 3 months of model time to minimize problems of mass loss due to absorption of gases by the aerosols.
An important issue in doing these calculations is the question of whether or not a one-dimensional, zonally averaged representation of the atmosphere can be validly used in the proposed simulations. We have compared our calculations with observations 3 months after the eruption. In this region of the stratosphere the mixing time scale from equa- after the eruption, when the optical depth had decreased substantially because of coagulation and gravitational settling of the aerosols.
Concentration Changes
The changes in photodissociation rate constants lead to changes in the abundances of certain molecules. While changes in column abundances between 0 and 60 km were small, when we focus our attention on specific altitude levels, in particular within the aerosol layer, larger variations are seen (Figures 5-10) . It is important to keep in mind that changes smaller than 296 are insignificant, owing to the fact that the threshold for diurnal convergence was 296. We choose to report the concentration results at 1400 LT (solar zenith angle of 45 ø), corresponding to the figures illustrating changes in the radiation field (Figures 1, 2, and 3) . The combination of radiative and thermal perturbations enables us to understand the changes in Os, but cannot quantitatively Table 1 A final suggestion to denitrify the stratosphere, which is even more speculative than the previous explanations, is that NO and NO2 are adsorbed onto the aerosols. This is consistent with the observed large NOx decrease. In this case, C1 from C1NO3 dissociation is free to react with the large CH4 reservoir to form the extra HC1 that is observed.
However, McKeen et al. [1984] calculated the loss rate of NO2 and HNO3 to a distribution of particles and found that NOx would be completely depleted in a few days, which is not confirmed by observations. Holman and Solomon [1989] specifically studied the effect of heterogeneous reactions on the E1 Chichon volcanic aerosols using a two-dimensional model. Neglecting the radiation and temperature effects, they obtain results for 03, NO2, OH, and HNO3 in qualitative agreement with ours when we include heterogeneous reactions. Since they focussed on chemistry previously proposed for the Antarctic hole scenario (such as (H2), (H3), and (Ha)), the discussion above can explain their result of an HC1 decrease, contrary to the observed increase.
The heterogeneous mechanisms we have considered directly affect the NOx and C1Ox species. Each of the heterogeneous reactions has a different effect on the O3 profile.
Reaction (H3) results in a significant decrease in the O3 profile because of a substantial increase in C10. In the case of the other reactions, the perturbation on the O3 abundances due to the radiation and temperature effects discussed earlier in this paper is slightly increased or decreased depending on the magnitude of the NOx depletion.
Our conclusion is that heterogeneous chemistry needs to be included in photochemical models to explain the changes observed after the E1 Chichon volcanic eruption. This parallels recent findings concerning the Antarctic ozone hole. Our analysis shows that the heterogeneous reaction between C1NO3 and sulfuric acid aerosols to form HC1 (H1), yields results that agree reasonably well with the observations after the volcanic eruption. Considering the uncertainties in a one-dimensional simulation, and the lack of definitive laboratory results on heterogeneous processes, our agreement with observations is encouraging.
DIRECT INJECTIONS OF VOLCANIC GASES INTO THE STRATOSPHERE
Due to the obviously speculative nature of (H1), we cannot claim that it is the only reaction that can account for the observations. We therefore must investigate an equally speculative scenario involving injection of gases directly into the stratosphere from the eruption of the volcano. This possibility is substantiated by the fact that many volcanos are known to eject gases other than SO2, such as C12, HC1, or H20 [Cadle, 1975 [Cadle, , 1980 spheric consequences of these perturbations (see Table 1 ) is very good. Therefore the processes described in the model seem to be an almost complete description of the Earth's stratosphere. We can extend this work to a case of an early Earth, with many active volcanos erupting every year. The consequences on the chemistry and radiation of the atmosphere might be significant in modeling the subsequent evolution to present-day conditions. One of the least understood aspects of the chemistry of the Earth's stratosphere is that of the effect of aerosols. The optical and chemical properties of these particles are not yet fully understood. Therefore their effect on other atmospheric species and on the radiation field is not clearly known. We therefore need more laboratory studies of aerosols which should include the critical information on heterogeneous, aqueous-phase reaction rates. It would then be less difficult to include them in realistic theoretical models of the atmosphere.
